Abstract Human-induced soil degradation has led to declining yields and soil fertility in many parts of the world. Conservation agriculture has been proposed as a strategy to ensure more sustainable land use. While conservation agriculture, based on minimum soil disturbance, crop residue retention, and diversification may improve a range of soil characteristics and can be a potential cropping system for improving farmer resilience to climate change, increased weed pressure is often an impediment to its widespread adoption in southern Africa. Weed control under conservation agriculture in other countries has been linked to increased herbicide use, but concerns about herbicide resistance, access to chemicals, and environmental impacts highlight the need for alternative weed control strategies accessible for smallholders. Farmers in semi-arid regions contend with the additional challenge of low biomass production, which may limit the weedsuppressing benefits of permanent soil cover. This paper reviews the regional applicability of various mechanical (manual weeding, weeding using animal traction, weed seed harvest), thermal (soil solarization, weed steaming, flaming), chemical (herbicides, seed coating), and cultural (crop competition, crop residue retention, intercropping, crop rotation) weed control strategies. For each strategy, benefits and challenges were assessed and contextualized with the circumstances of rainfed smallholder farmers in southern Africa. We found that (1) no single solution can solve all weed control challenges under current conservation agriculture systems; (2) success of weed control strategies is largely contingent upon site-specific conditions, including soil type, dominant weed species, and socioeconomic factors; and (3) practices new to southern Africa, such as weed steaming, merit localized research. Previous reviews have addressed various weed control strategies, but a comprehensive review of strategies available to smallholder farmers in semi-arid southern Africa is lacking. Finding a suitable combination of weed control strategies is critical for encouraging smallholder farmers to adopt and maintain conservation agriculture practices.
Introduction
Soil degradation affects farmers worldwide, including those in semi-arid regions of southern Africa . Conservation agriculture (CA) has been proposed as an alternative to conventional tillage practices over the last four decades and has been increasingly tailored to Asia and Africa (see recent reviews from Jat et al. 2013; Wall et al. 2014 ).
Since 2004, there has been a major push by researchers, non-governmental, and donor organizations to extend CA to smallholder farming systems in southern Africa (Sims et al. 2012b; Thierfelder et al. 2014; Wall et al. 2014) . Soils in southern Africa are affected by parent soil material of granitic origin, which is low in fertility (Smaling and Janssen 1997) , low use of chemical and organic inputs (Mafongoya et al. 2006) , and unsustainable land use practices (Wall et al. 2014) . Soil degradation from conventional tillage practices emphasizes the importance of systems that increase soil organic matter content and improve soil structure (Johansen et al. 2012; Tittonell et al. 2012) . The vulnerability of smallholder rainfed farming systems to erratic and reduced rainfall associated with climate change further highlights the need for farming practices that adapt to the impacts of climate change (Thierfelder and Wall 2010a, b; Thierfelder et al. 2017) . CA comprises a set of three principles, as outlined by the FAO (2002): minimal mechanical soil disturbance, permanent organic soil cover, and diversification of species through the use crop rotation and intercropping. Rather than presenting a strict set of rules, CA provides guidelines for growing crops in a more sustainable way, which can be tailored to fit local contexts and needs. These guidelines allow farmers to adapt CA practices to regional conditions, such as soil type, rainfall patterns, and financial resources (Wall 2007) . Regardless of how a farmer adopts CA, the prospective benefits remain: decreased soil erosion, increased soil water holding capacity, improved soil structure, increased soil fertility over time, a gradual increase in soil carbon, and similar or increased yields as compared to conventional tillage systems (Walsh et al. 2013; Brady and Weil 2010; Thierfelder et al. 2014) .
Some benefits of CA implementation, such as soil water content and infiltration, are evident within the first year of CA implementation (Thierfelder and Wall 2009; Thierfelder and Wall 2010a, b) . However, other gains from CA take much longer to establish themselves (Rusinamhodzi et al. 2011) . Soil fertility improvement under CA systems can be quite slow due to the length of time required to sufficiently increase soil organic matter content (Cheesman et al. 2016; Govaerts et al. 2009 ). According to Arslan et al. (2014) , farmers in Zambia did not recognize the soil health benefits of CA practices during the first 4 years of adoption, while a study in Mexico found that yield benefits were negligible during the first 5 years (Hobbs et al. 2008) . A study from southern Africa concluded that it takes between 2 and 5 years for yield benefits to become apparent, in part due to farmers becoming more experienced with applying CA practices . Other benefits such as improved profitability, labor reductions,and increased water conservation can additionally incentivize farmers to adopt CA in the short term and continue practicing it (Baudron et al. 2015b; Thierfelder et al. 2016a, b) .
One of the greatest challenges associated with CA implementation in the early years of conversion is the increase in weed pressure as a result of eliminating tillage as a weed control mechanism (Chauhan et al. 2012; Giller et al. 2009 ). Consequently, finding appropriate weed management strategies is crucial for maintaining adequate yields (see Fig. 1 ) and compensating for additional labor demands in the first years after CA implementation, thereby ensuring continued use of CA practices thereafter (Mavunganidze et al. 2014; Muoni et al. 2013) .
Time and labor demands can increase by up to 50% under CA as a result of increased weed pressure (Nyamangara et al. 2013) , which highlights the critical need for improved weed Fig. 1 A typical smallholder maize field with delayed weeding in Bindura District, Zimbabwe. Delayed weeding is associated with high yield losses in many parts of southern Africa. Finding effective weed management practices with low labor demands is therefore a crucial element to enhancing food security for smallholder farmers practicing conservation agriculture. Source: Christian Thierfelder, CIMMYT control strategies if CA should be an option for smallholder farmers in southern Africa. A study in Zambia found that labor demands increased from 27 person days per ha under conventional tillage to 35, 58, and 81 person days per ha under ripper tillage, hand hoe tillage, and planting basins, respectively (Haggblade and Tembo 2003) . Traditional weed control is done by hand pulling of weeds, by using a hand hoe (locally called badza), which can have a short or long handle, and through more mechanical systems such as animal traction cultivators.
Other studies indicate that increased weed pressure in CA systems often results from farmers failing to adhere strictly to no-tillage practices. In fact, tilling the soil, even once, may reduce the benefits of CA (Anderson 2015) . A study in southern Brazil found that soil disturbance from seeding machines may be sufficient to expose weed seeds to the environmental conditions (e.g., light and moisture) necessary for germination, whereas an undisturbed soil surface, in conjunction with crop residue retention, may be sufficient to inhibit weed seed germination (Theisen and Bastiaans 2015) . The same study found that weed pressure was greater within soybean rows where the soil had been disturbed during seeding than in rows seeded using a modified seeder that left crop residue intact and did not disturb the soil (Ibid.). Although the study by Theisen and Bastiaans (2015) addressed soil disturbance during seeding, it is reasonable to assume that soil disturbance during the weeding process may have similar impacts on the weed seed bank. This implies that strictly following no-tillage guidelines may reduce weed pressure for farmers who have recently converted to CA practices.
Approximately 75% of smallholder farms in sub-Saharan Africa use hoe-weeding or hand pulling as a weed management strategy; finding supplementary methods to hoeweeding is therefore essential for easing labor demands in CA systems. Herbicide use, for example, is estimated to reduce labor demands for weeding by 90% as compared to hoeweeding (Gianessi et al. 2009) . A study in Zambia reported that herbicide use had the potential to reduce labor demands from 50-70 to 10-20 person days per ha (Haggblade and Tembo 2003) . Labor reductions provide an additional social benefit as manual weeding in southern Africa is frequently taken on by women and children, and any reduction is beneficial for these household members (Ibid.).
Much of the research previously conducted on weed suppression under CA systems focused on large-scale commercial farms in Australia and the Americas or on humid areas of the tropics and subtropics (Flower et al. 2012; Moyer et al. 1994; Odhiambo et al. 2015) . While several researchers have focused on weed ecology and control under smallholder CA systems in semi-arid areas Africa (Mashingaidze et al. 2012; Mhlanga et al. 2015b; Muoni and Mhlanga 2014; Nyamangara et al. 2013; Thierfelder and Wall 2015 , among others), a comprehensive review and summary of the options available and alternatives to smallholder farmers in southern Africa has been missing.
The overall objective of this literature review was therefore to fill this knowledge gap by compiling available research results of weed management studies under dryland CA systems and applying them to the context of southern Africa.
Methodology
The review examines the literature on weed control strategies available to smallholder farmers to address the issue of weed management under CA and provides insight as to how the application of these strategies and approaches might be tailored to the context of dryland farming areas of southern Africa. Literature searches were conducted using popular search engines such as Google Scholar (https://scholar. google.com/), Scopus (http://www.scopus.com), and Web of Science (www.webofknowledge.com). Search criteria focused on literature addressing weed control under smallholder CA systems in southern Africa which was reviewed to ascertain the most relevant findings on this topic (Table 1) .
The following Sect. 3 provides a general overview of weed management strategies under CA systems throughout the world. Section 4 highlights the importance of weed species and their impact on crop yields in southern Africa, as well as the field and resource characteristics of smallholder farms in the region. Section 5 focuses on potential weed management strategies appropriate for smallholder farmers in semi-arid regions of southern Africa, while highlighting their benefits and constraints. The sixth section provides a summary of available weed control strategies as well as recommendations for researchers and extension workers for managing weed populations under CA systems. The review ends with concluding When region-specific information was lacking, the search criteria were broadened to include other elements. The literature search was conducted using Google Scholar, Scopus, and Web of Science. Source: author's own compilation statements and the outlook of weed management under CA for smallholder farmers.
Overview of weed management under conservation agriculture
Conflicting findings regarding the impact of conventional tillage on weed population dynamics contribute to variable results of how weed pressure is affected by CA practices. Several studies report that conventional tillage contributes to weed control through burying of weeds and weed seeds into lower soil layers, thereby limiting their exposure to favorable germination conditions (Nakamoto et al. 2006) . Other studies have found that tillage can have both a negative and positive effect on weed seed banks: tillage may temporarily incorporate some weed seeds into deeper layers while bringing others to the soil surface where they are exposed to the conditions necessary for germination (Carter and Ivany 2006; Santín-Montanyá et al. 2016) . A study on wild oat (Avena fatua L.) in Alberta, Canada determined that tillage practices resulted in higher weed pressure for two reasons: first, tillage buried wild oat seeds deeper within the soil profile, thereby limiting their exposure to herbicides (Mangin et al. 2016) . Secondly, the relatively large seed size of wild oat allows it to germinate from greater depths within the soil, thus negating the benefits of burying the seeds through tillage (Ibid.). Similarly, a study in Iran found that purple nutsedge (Cyperus rotundus L.) tubers are able to germinate from soil depths as great as 30-50 cm, thereby defeating the purpose of tillage to control weeds (Roozkhosh et al. 2017) . The role of tillage in suppressing weed populations therefore seems to be contingent on multiple factors, including weed species and tillage type. As summarized by Chauhan et al. (2006) , weed species with germination requirements that are met by remaining within the top five centimeters of the soil (such as small-seeded weeds that require light to break dormancy) will more likely become the dominant species within no-tillage and minimum tillage systems. Weed species within an area therefore must be understood in order to determine how conversion to CA will affect weed population dynamics. Weed management under CA may be more difficult for two reasons: (1) weed seeds are not buried and (2) herbicides are not incorporated into the soil, lowering their efficacy (Chauhan et al. 2012) . As compared to conventional tillage practices, no-tillage and minimum tillage systems restrict redistribution of weed seeds to the top zero to five centimeters of soil (Swanton et al. 2000) . While the likelihood of seed desiccation and predation is greater at the soil surface than at greater soil depths, weed seeds within the top five centimeters of soil are also exposed to more favorable germination conditions (Chauhan et al. 2012) . As a result, weed density is typically higher when the soil is not inverted than under conventional tillage systems, especially in the first years of conversion (Demjanová et al. 2009 ). However, with good weed management, weed pressure should decrease over time, often within the first few years of CA adoption (Thierfelder and Wall 2015; Wall et al. 2014; . Nevertheless, conflicting results have been published regarding the prevalence, distribution, and diversity of weed populations under CA systems compared to conventional tillage systems: a study by Chauhan et al. (2012) found that some weed species (predominantly annuals) are better-managed in CA systems due to seed desiccation and predation by insects when left at the soil surface, while another study indicated that intensive weed management is necessary even 4 years into CA conversion (Mashingaidze et al. 2012) .
Similarly to many conventional tillage farming systems, large-scale commercial CA systems in Brazil, Argentina, Australia, Canada, and the USA control weed populations through a combination of several herbicides and rotations of three or four crop species (Moyer et al. 1994) . In these systems, several applications of non-selective herbicides, such as glyphosate [N-(phosphonomethyl) glycine] and paraquat (1,10-dimethyl-4,40-bipyridinium) in conjunction with residual herbicides such as atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine) or a combination of residual herbicides like topramezone {[3-(4,5-dihydro-3-isoxazolyl)-2-methyl-4-(methylsulfonyl)phenyl](5-hydroxy-1-methyl-1H-pyrazol-4-yl)methanone} and dicamba (3,6-dichloro-2-methoxybenzoic acid), such as Stella Star®, during fallow periods and in-between crops are considered crucial for successful weed control (Ibid.). Similar application practices are common in southern Australia: during the fallow period, before the field is seeded, farmers apply non-selective herbicides. Soil residual herbicides are then applied during seeding, followed by post-emergent herbicides during the cropping season (Neve et al. 2003; Owen et al. 2014) . Weed populations may additionally be controlled by maintaining nearpermanent soil cover and 3-or 4-year crop rotations.
The worldwide increase in area under no-tillage agriculture, which was later coined as CA, was largely attributed to a decrease in herbicide prices Kassam et al. 2015) , highlighting a strong driver of change. A 2006 duration analysis indicated that a decrease in the glyphosate/diesel price ratio in Australia resulted in a significant increase in adoption of no-tillage practices (D'Emden et al. 2006) . While other factors influence farmer adoption of CA practices, facilitating uptake of specific principles, such as minimum or no soil disturbance, is an important starting point in the use of CA. Thus, CA adoption in southern Africa may be dependent on affordability of herbicides for smallholder farmers.
Other driving factors for adoption of CA in Australia may be similarly relevant for farmers in southern Africa. Many Australian farmers were found to be motivated by a reduction in soil erosion and a desire to improve stewardship of the soil . Farmers were additionally encouraged by the potential to increase soil moisture under CA systems and take advantage of earlier planting times (Ibid.) Extension and support services for farmers adopting CA are also key to motivating farmers to both take up CA practices and continue implementing them (D'Emden et al. 2008; Llewellyn et al. 2012) . These factors should be taken into consideration when encouraging farmers to adopt CA.
The adverse environmental effects of accelerated herbicide use are well documented (Koch 2010; Kolpin et al. 1998; Owen and Zelaya 2005) . While herbicide use has succeeded in suppressing weed populations of farms under CA, use of herbicides as a sole control mechanism increases the risk of herbicide-resistant weeds (Norsworthy et al. 2012) . In many CA systems in Australia, farmers turned almost exclusively to herbicide use to address increases in weed populations due to no-tillage practices, leading to massive weed resistances against potent herbicides such as glyphosate (Kirkegaard et al. 2014) .
Herbicide leaching is an often-cited externality of herbicide use. Herbicides may persist in the soil, volatilize, or go into soil solution and be transported to nearby bodies of water; atrazine has reportedly been found in numerous water reservoirs throughout the USA (Arias-Estévez et al. 2008) . In Zambia, increased use of herbicides by commercial farmers resulted in contamination of the Kafue River and herbicide bioaccumulation in the river's fish populations (Syakalima et al. 2006) . While this indicates that over-reliance on and/or improper use of herbicides may negate the potential benefits of adopting CA practices and cause undesired impacts on the environment, it should also be noted that tillage practices play a significant role in herbicide transfer in the soil-water solution.
Conflicting results regarding the impact of tillage on herbicide runoff highlight the importance of understanding transport mechanisms of different herbicides before recommending their use to farmers. One study in the USA compared atrazine [2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine] and simazine [2-chloro-4,6-bis(ethylamino)-s-triazine] runoff rates under conventional tillage and no-tillage systems and found that runoff for both herbicides was higher under conventional tillage (Glenn and Angle 1987) . Conversely, another study in the USA found that although runoff and soil loss decreased under conservation tillage (including no-tillage) systems, atrazine, alachlor [2-chloro-2′6′-diethyl-N-(methoxymethyl) acetanilide), and chlorpyrifos [0,0-diethyl-0-(3,5,6-trichloro-2-pyridyl) phosphorothioate) concentrations were higher under conservation tillage than under conventional tillage practices (Sauer and Daniel 1987) . A more recent study on alachlor and chlorimuron {ethyl 2-[(4-chloro-6-methoxypyrimidin-2-yl)carbamoylsulfamoyl]benzoate} reported that alachlor loss was greater from bare, tilled plots, while chlorimuron loss was greater on no-tillage plots with residue cover (Locke et al. 2008) . The authors attributed the difference to the polarity of the herbicide molecules: polar chlorimuron may have been more readily removed from the surface of plant residues than alachlor, which has weaker polarity (Ibid.). It should be noted, however, that the studies by Sauer and Daniel (1987) and Locke et al. (2008) were conducted under simulated rainfall conditions; thus, the results from a field with natural rainfall may be quite different and require further study to better understand the mechanisms of herbicide transport in no-tillage and reduced tillage systems. Therefore, herbicide application, even on fields with minimal soil disturbance, must be done cautiously and by a trained applicator.
In order to limit over-reliance on herbicides for weed control under CA systems for cash-constrained smallholder farmers, numerous alternative methods have been proposed, including manual and hoe weeding (Mandumbu et al. 2011 ), low-powered mechanical control (Siziba 2007) , seed coating (Kanampiu et al. 2003) , crop competition (Mhlanga et al. 2016a, b) , soil solarization (Johnson et al. 2007 ), weed flaming (Stepanovic et al. 2015) , weed steaming (Ascard et al. 2007) , suppression through crop residue retention (Mazvimavi and Twomlow 2009 ), green manure cover crops (Mhlanga et al. 2015a (Mhlanga et al. , 2016b intercropping (Iqbal et al. 2007 ), crop rotations (Chauhan et al. 2012; Norsworthy et al. 2012) , and harvest weed seed control (Stokstad 2013) . This paper will examine the feasibility of these solutions within the context of smallholder farming systems in semi-arid zones of southern Africa.
Weed management in rainfed dryland areas of southern Africa
Several studies on weed management under CA promote the use of herbicides as a solution for alleviating weed pressure, particularly in the early phases of CA implementation (Chauhan et al. 2012; . However, increased herbicide application alone may be an unrealistic weed management tool in southern Africa, particularly for resource-poor and cash-constrained smallholder farmers. Therefore, a combination of chemical, mechanical, and cultural control practices should be explored to ensure continued weed control in CA systems for the farmers who are most vulnerable to weed pressure.
Despite the success of some CA systems in the Americas, herbicides are restricted in their applicability to the context of southern Africa for several reasons. Herbicide prices and availability are a limiting factor for their use among smallholder farmers in southern Africa. In addition, appropriate herbicide application requires knowledge and training; this necessitates effective extension services to provide information to farmers ). Near-permanent or permanent soil cover may be feasible under irrigated or rainfed systems with sufficient moisture, but maintaining crops on the field throughout the year is unrealistic in rainfed agricultural systems with annual precipitation rates below 600 mm. Here unpredictable and insufficient rainfall often leads to low biomass productivity (Lahmar et al. 2012 ). This challenge is especially prevalent in areas with unimodal rainfall patterns, common to most areas in southern Africa (Challinor et al. 2007; Rusinamhodzi et al. 2011; Thierfelder and Wall 2010a) . Two additional obstacles to maintaining soil cover are cited in the literature: competition with livestock for biomass as fodder (Valbuena et al. 2012 ) and limited incentives for farmers to plant crop species other than maize due to low market demand for rotational crops and few buyers for their produce (Nyamangara et al. 2013) .
Among the most economically important broadleaf weed species in southern Africa are bristly starbur (Acanthospermum hispidum DC.), wandering Jew (Commelina benghalensis L.), Mexican clover (Richardia scabra L.), yellow nutsedge (Cyperus esculentus L.), purple nutsedge (C. rotundus L.), and witchweed (Striga asiatica L.) (Chivinge 1988; Mupangwa and Thierfelder 2015) . Rapoko grass (Eleusine indica L.) and couch grass (Cynodon dactylon L.) are listed as economically important grass species (Mupangwa and Thierfelder 2015) . The impacts of these weed species on farmer labor demands and yields are quite high: several authors found that a lack of labor and mechanization to facilitate weeding lead to a decrease in cultivated land area under CA of nearly 50% in sub-Saharan Africa (Kent et al. 2001; Bishop-Sambrook 2003 , as cited in Nyamangara et al. 2013 . Striga (S. asiatica (L.) Kuntze) infestation alone has led to severe reductions in yield (greater than 50%, in some cases) throughout sub-Saharan Africa (Kanampiu et al. 2003) .
Successful weed management in smallholder farming systems in southern Africa is largely determined by three factors: labor availability, access to herbicides, and access to mechanization (Mhlanga et al. 2016b; Nyamangara et al. 2013 ). Access to resources varies widely across smallholder farms throughout Africa (Ngwira 2013; Tittonell et al. 2005) ; as a result, a control method that is effective in one area may fail in another. Proposed strategies for weed management should therefore take different site and farmer conditions into account (Wall 2007) .
Weed management strategies

Manual and mechanical control
Manual and mechanical weed controls (often with the use of animal traction) are the most common weed management strategies for smallholder farmers in sub-Saharan Africa (Gianessi et al. 2009 ). This section focuses on two methods of mechanical control: manual weeding and weeding using animal traction and addresses factors affecting their efficacy.
Manual weeding
Mechanical weed control via hand pulling or hand hoeing is a frequent management tool for smallholder farmers in southern Africa (Mashingaidze et al. 2012; Vogel 1994) . In CA systems, labor demands for mechanical weed control may increase due to greater weed pressure during the initial years of CA adoption (Mashingaidze et al. 2012; Muoni et al. 2013; Nyamangara et al. 2013 ). These labor demands often differ greatly based on the weed management strategy used (see Table 2 ). In order to comply with the principles of CA, farmers using hand hoes for weed control must use the tool for shallowly scraping the soil surface to remove weeds, rather than employing a digging motion, which may be more time consuming. Insufficient labor availability to suppress weed populations is thus a major challenge for smallholder farmers adopting CA technologies (Giller et al. 2009 ). Delayed weeding can have drastic impacts on crop productivity as weeds compete for light, nutrients, and water with the main crop.
Farmers with adequate labor supply may enhance the benefits of manual or mechanical weed control by timely weeding of fields (Vogel 1994) . High-intensity weeding, conducted four times throughout the growing season (1 week before planting, 1 week after planting, 5 weeks after planting, and before harvest) resulted in similar early season weed densities between minimal tillage and moldboard-plow tillage systems in a semi-arid region of Zimbabwe (Mashingaidze et al. 2012 ). However, high-intensity weeding is challenging to labor-and resource-constrained famers. Women and children also bear the brunt of increased labor demands for weeding (Giller et al. 2009 ). In addition, in some cases, higher weed densities are found even under high-intensity weeding practices in CA systems as compared to conventional tillage systems (Mashingaidze et al. 2012) , thereby highlighting the need for alternative weed control strategies.
Animal traction mechanical control
Suitable mechanical cultivators for weed control are an alternative to conventional tillage and are often used where draft animals are available (Riches et al. 1997) . Cultivators can help reduce weed pressure, although they may not be as effective as conventional tillage methods for preparing weed-free planting beds (see Table 3 ). Smallholder farmers may benefit from animal-drawn cultivators such as soil rippers, which are tools mounted on a frame with multiple tines. These can be an effective form of mechanical weed control (see Fig. 2 ) through mechanical disturbance of small and emerging weeds (Mafongoya et al. 2016; Twomlow and O'Neill 2003) . A drawback of mechanical cultivators is their inefficiency and impracticality when large quantities of plant residues are present (Erenstein 2003) . They are therefore only suitable where residue cover is low (Mazvimavi et al. 2010) which is often the case in the more semi-arid regions of southern Africa.
Extension agencies, service providers, or cooperatives could supply smallholder farmers with access to mechanized cultivators. This approach would eliminate the need for largescale investments, which smallholder farmers would be unable to make. It would also reduce the waiting time for farmers in a community to access weeding equipment (Najafi and Torabi Dastgerduei 2015) . Weed populations are largely affected by crop planting time; as such, timely seedbed preparation is essential for reducing crop-weed competition (Mhlanga et al. 2016a) . As the land holdings of many smallholder farmers in southern Africa are far smaller than five hectares, localized joint ownership or service provision of low-powered or draught-powered machinery that disturbs the soil as little as possible may be the most realistic method of providing farmers access to mechanized planting and weed control technologies (Baudron et al. 2015a ).
Government and NGO-driven initiatives could further improve access to small-scale machinery by encouraging local production. FAO field projects in Tanzania and Kenya have sought to establish market linkages and the local manufacturing sector of other CA tools, such as the hand jab planter (Sims et al. 2012a ). Zimbabwe has already begun private sector manufacturing of important CA tools, including no till (NT) planters and draft animal powered (DAP) rippers, while Zambia has also developed its local production sector aimed at manufacturing rippers for smallholder farmers (Sims et al. 2012b) . Similar initiatives could therefore be supported in other countries of southern Africa.
In summary, both manual weeding, hoe weeding, and weeding via animal traction are commonly used methods of Fig. 2 The animal drawn cultivator is commonly used by smallholder farmers with access to animal draft power. These cultivators superficially disturb the soil, while still providing some of the weed suppressing benefits associated with tillage practices. Such cultivators can provide labor relief to smallholder farmers. Photo credit: Joseph Kienzle, FAO CT conventional tillage (moldboard plowing to a depth of 0.3 m), RT1 reduced tillage offset disc plowing (depth of 0.15 m) and combined cultivator, RT2 reduced tillage shallow loosening of soil twice prior to planting (depth of 0.1 m).
weed control in southern Africa. While they can successfully control weed populations under CA systems, these techniques can be enhanced by proper timing of weeding, thereby reducing labor demands (see Fig. 3 ).
Thermal control
Soil solarization and weed flaming are rarely used in southern Africa but present an unexplored option for smallholder farmers. Their applicability to smallholder farmers in the region is discussed in this section to seek alternatives to the currently existing methods of weed control.
Soil solarization
In areas where crop competition or low biomass production limit the quantity of residues that can be maintained on the field, alternative solutions for suppressing weeds via soil cover may be necessary (Erenstein 2003; Valbuena et al. 2012) . Soil solarization, a process by which transparent or black plastic sheets are used as mulch to increase soil temperatures to levels lethal to bacteria, fungi, and weeds and weed seeds (Stapleton and DeVay 1986) , is a potential option for smallholder farmers faced with the challenge of residue retention. Soil solarization has been successfully used to control weed species in semi-arid regions with minimal cloud cover (Johnson et al. 2007 ). Soil solarization can suppress kudzu (Pueraria montana var. Lobata Willd) in the southeastern USA and eradicated weedy golden wreath wattle seedbacks (Acacia saligna Labill.) in Australia (Norsworthy et al. 2012) . A study of soil solarization effects on Orobanche ramosa L. and Orobanche cernua L. in tomato fields in the Central Rift Valley of Ethiopia found that both black and transparent plastic sheets reduced the Orobanche seed bank by up to 89 and 98%, respectively (Sahile et al. 2005) .
Although soil solarization as a weed control method may not be common in CA, one of the lessons learned has been that it needs to be tried and potentially adapted to local conditions. In the case of smallholder farmers in semi-arid southern Africa, adequate mulch retention for weed suppression may not be an option for smallholders due to low biomass production and tradeoffs with livestock (Valbuena et al. 2012) . Soil solarization may therefore be an option for farmers who are unable to retain enough mulch on the soil to reap its benefits. However, plastic sheeting as surface mulch comes with an extra cost and cash-constrained households will have to consider if this is viable for them.
Effective soil solarization is largely contingent upon proper timing and temperature (Ascard et al. 2007 ). Temperatures ranging from 55 to 95°C are needed to effectively kill weed leaves and stems, with higher temperatures resulting in greater weed mortality (Daniell et al. 1969) . A study on control of yellow nutsedge using clear plastic sheets effectively controlled weed pressure when the soil was solarized for at least 90 days during the summer of the previous year (Johnson et al. 2007 ). While these results are certainly encouraging, farmers would have to leave fields fallow to reap the benefits of soil solarization (Ibid.). In many areas of southern Africa, the opportunity costs of leaving land fallow are high, making this option less appropriate for those farmers (Mafongoya et al. 2006 ). This practice is also less effective if weed seeds are not distributed in the top layers of the soil surface, as the benefits of the increased soil temperatures are reduced in lower soil layers (Johnson et al. 2007 ). Furthermore, the weed-suppressing effects of soil solarization are greatly affected by environmental factors over which farmers may have little or no control, such as soil moisture, cloud cover, low temperatures, and soil color (Stapleton 2000; Stapleton and DeVay 1986) .
While soil solarization may be an effective weed management practice for some farmers, several challenges highlight the need for more research. There is a lack of consensus on the efficacy of soil solarization for weed management (Johnson et al. 2007 ) as well as additional costs incurred by responsible disposal of the plastic sheets (Coello et al. 2017 ) which make soil solarization a less attractive option for weed management. Nonetheless, the potential of biodegradable materials for soil solarization has been identified (Ibid.) and may be an interesting new way of controlling weeds. Until more thorough studies have been conducted regarding local applicability and adequate materials have been developed, this method of weed control remains out of reach for most smallholders in southern Africa.
Weed flaming
Weed flaming is another weed control strategy, successfully tried outside Africa. Although it has often been used for horticultural crops, it has been used effectively for maize production in Europe and the USA (Melander et al. 2013; Stepanovic et al. 2015) . Flaming exposes weeds to lethal temperatures to provide rapid weed control without the use of chemical inputs (Ascard et al. 2007 ). In weed flaming, handheld or machine-pulled portable gas (generally propane) torches are used to expose weed seeds and seedlings to lethally high temperatures before sowing (Stepanovic et al. 2015) . Weed flaming can be used in two ways: (i) with stale seedbeds, whereby fields are prepared several weeks prior to sowing in order to encourage weed growth and kill emerging weeds before sowing (Rasmussen 2003) or (ii) during the growing season as an intra-row spot weed control mechanism (Stepanovic et al. 2015) .
As with soil solarization, the success of weed flaming depends on both timing and temperature (Ascard et al. 2007) . A study on weed flaming as a weed control mechanism in organic maize production systems found that broadcast flame weeding twice a season resulted in decreased weed density with limited crop damage (Stepanovic et al. 2015) . A study in Denmark found that weed density in fodder beet (Beta vulgaris L.) fields was lowest when weed flaming was used in conjunction with stale seedbed production combined with punch planting, a form of minimal tillage (Rasmussen 2003) .
No research has been conducted so far on weed flaming in sub-Saharan Africa, so it is difficult to predict how successfully this technology might be applied to smallholder farming systems in semi-arid regions of southern Africa. Several factors need to be considered when recommending weed flaming technologies to smallholder farmers. Weed flaming is not suitable for all crop species, so farmers must first be educated on which crops are sufficiently heat-tolerant and at which stage weed flaming is appropriate (Naylor and Lutman 2002) . Secondly, crop residue retention, particularly in semi-arid regions, could hinder the efficacy of weed flaming and increase the risk of fires; it is thus essential that farmers be trained in correct usage of this technology. In addition, not all weed flamers are built the same. Covered weed flamers have been found to use 40% less fuel than uncovered flamers to effectively control weeds (Ascard 1995) . Smallholder farmers in remote areas may have limited access to fuel, making this technology impractical to them. As is the case with soil solarization, the practicality and success of weed flaming also requires further studies on cost-benefit ratios before suggesting this technology to smallholder farmers. Due to the fire risk, other thermal weed control methods, such as weed steaming, might be more applicable to the context of southern Africa.
Weed steaming
A third option for thermal weed control that has mainly been explored for horticultural crops is weed steaming, whereby a steam generator (usually fueled by diesel) heats the soil to temperatures that are lethal to weeds, usually between 60 and 80°C for 20 to 30 min (Elsgaard et al. 2010; Melander et al. 2013; Samtani et al. 2011) . A study on strawberry fields in California found that steaming the soil at 70°C for 20 min resulted in weed control efficacy comparable to that of a methyl bromide (67%) and chloropicrin (33%) treatment (Samtani et al. 2011) . A controlled environment experiment in Italy found that weed steaming significantly reduced the emergence of some (Alopecurus myosuroides Huds. and Fallopia convolvulus L. Á. Löve), but not all (Matricaria chamomilla L.) weed species.
Use of weed steaming by smallholder farmers in southern Africa is most likely to be hindered by the high energy demands: even band-steaming, a less energy-intensive method of weed steaming, can require 8000 L ha −1 of water and 570 L ha −1 of fuel (Melander and Kristensen 2011) . One alternative which may prove less costly is to target weeds in the early days of establishment, as in a study conducted by Kolberg and Wiles (2002) , which found that steaming seedlings resulted in similar control of common lambsquarters (Chenopodium album L.) and redroot pigweed (Amaranthus retroflexus L.) as glyphosate treatments. The authors found that steaming was not an effective control method at the anthesis stage; farmers would therefore need to be trained in correct timing to reap the benefits of weed steaming. The efficacy of weed steaming may be hindered in CA systems due to the presence of crop residues, which would need to be taken into consideration before promoting the technology. Nevertheless, the weed steaming presents itself as a safer alternative to weed flaming and merits further study on how fuel and water consumption of such technology might be reduced and how it might be used to most effectively target weed species. Soil solarization, weed flaming, and weed steaming are alternative options especially in horticulture crops, although they are yet not commonly used in sub-Saharan Africa. While all three methods can possibly be used for successful weed suppression in smallholder CA systems, they must be further studied and affordable options must be available before being recommended to farmers.
Chemical control
The success of CA systems has largely been attributed to the availability of chemical weed control methods (Swenson and Moore 2009 ). While labor demands can decrease by up to 90% as a result of herbicide use (Gianessi et al. 2009 ), herbicide-resistant weed species and negative environmental impacts from herbicide use (Norsworthy et al. 2012) underscore the importance of responsible use of chemical control methods to successfully control weed populations. The following section focuses on herbicide application and seed coatings for weed control and how they can be used effectively without compromising local agroecosystems.
Herbicides
Herbicide application has been critical to the success of CA systems throughout the Americas and Australia Moyer et al. 1994) . When glyphosate prices decreased after Monsato's patent had expired, the incentive for herbicide use increased and unrestricted use has led to concerns about herbicide-resistant weed species (Bajwa 2014 ). An integrated weed control approach should guide herbicide use, including proper timing of herbicide applications and appropriate application rates (Norsworthy et al. 2012 ). Obstacles to herbicide access and application, such as local availability, price, and proper and safe handling of chemicals must be addressed through training by extension agents and researchers.
In a study of the effects of herbicide application in CA systems in Zimbabwe, found that effective weed control including herbicides can gradually reduce weed pressure over the course of several years (see Fig. 4 ). This implies that, in the absence of adequate labor, intensive herbicide use would be necessary during the first 3 or 4 years. Thereafter, weeds could be more effectively controlled using mechanical or cultural methods. The authors also noted that combinations of contact and residual herbicides, such as atrazine, tended to be more effective against annual grasses and broadleaf species than paraquat or glyphosate alone. However, residual herbicides can only be used on specific crops and its use must be carefully considered (Ibid.). Factors such as weed density, dominant species, and farmer knowledge would need to be considered when establishing an herbicide application program. Chauhan et al. (2012) additionally suggest using cover crops to support herbicide application; by using a non-selective herbicide such as glyphosate, the cover crop is killed and used as a mulch, thereby limiting weed germination and growth.
One of the main challenges of herbicide application for smallholder farmers in Africa is the lack of access to inputs and cash by smallholder farmers (Giller et al. 2009; Andersson and D'Souza 2014) . Women and female-led households in particular are even more disadvantaged when accessing herbicides due to their status and role in fund allocation in the households, thereby reducing their ability to effectively use this technology (Nyanga et al. 2012 ). Access to herbicides could be increased through targeted support programs, such as smart subsidies Norsworthy et al. 2012) . Additionally, governments could encourage local production of generic versions of non-patented herbicides like glyphosate, which would improve access and potentially lead to lower prices (Little 2010 ) although yellow phosphorous, one of the critical ingredients of glyphosate, has its main deposits in China, which limits local manufacturing in Africa. For such an initiative to be successful, herbicide quality and safety would need to be guaranteed through the creation of testing laboratories and enforced quality standards.
However, increased access should not lead to irresponsible use of herbicides. As an important pre-requisite, extension agents must be trained in herbicide use and application in order to show farmers how to optimize input use and limit potential negative impacts on the environment and human health (Thierfelder and Wall 2015) by using applicators and protective clothing, such as that shown in Figs. 5 and 6. While herbicide application is the most effective method of weed suppression for CA systems (see Table 4 ), its use must be carefully monitored by the farmer in order to reap the benefits without compromising the positive ecological impacts of CA (Bajwa 2014) .
Herbicide efficiency can be enhanced by different application methods, including weed wipers. However, this technology is not further discussed in this paper due to several challenges in using it. Within the context of smallholder farmers in Zimbabwe, weed wipers were found to be difficult to control (in terms of herbicide flow) and not particularly durable (see Fig. 7 ). In addition, they were easily contaminated by the user and were rendered inefficient upon touching the soil.
Seed coating
The use of herbicide-resistant seeds may facilitate herbicide use, although this technology must first be made available to smallholder farmers (Kanampiu et al. 2003) . Use of imazapyr (2-[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidazol-2-yl]-3-pyridinecarboxylic acid) and pyrithiobac (2-chloro-6-[(4,6-dimethoxypyrimidin-2-yl)sulfanyl]benzoic acid) seed coatings on herbicide-resistant maize (Zea mays L.) seeds was found to be successful against Striga hermonthica (Del.) and S. asiatica (L.) in field trials in Malawi and Zimbabwe and resulted in increased maize yields (Kanampiu et al. 2003) . Kabambe et al. (2008) similarly found that maize seed coating with 30 to 45 g ha −1 imazapyr resulted in significantly lower Striga counts 65 days after planting. The researchers also found no residual effects on non-herbicideresistant maize seeds in the following seasons. Seed coatings therefore appear to be a more targeted and an effective approach to combatting certain parasitic weed species (see Table 5 ), although the impacts of seed coatings on other important weed and crop species would need to be studied. While herbicide resistance can be induced through genetic modification, imazapyr-resistant (IR) maize was developed through conventional breeding methods (Mwangi et al. 2015) , thereby making this technique more acceptable to farmers and governments reticent or unable to use genetically modified crops. In summary, chemical weed control is an important tool for many farmers adopting CA, but smallholder access to herbicides and seed coating technologies must be improved. In households where farmers do not place a monetary value on ). Weed densities gradually decreased over time, regardless of the weed suppression strategy used. Weed densities were significantly lower in the first season for the atrazine + glyphosate + metolachlor plus manual weeding treatment, which could indicate that farmers would profit from implementing a more aggressive herbicide strategy initially. Source: Adapted from Fig. 6 A single nozzle knapsack sprayer to apply common herbicides in farmers' fields. Farmer training is an important aspect of herbicide promotion as incorrect use may lead to health problems or damage crops. Extension agents may provide this service to smallholder farmers. Photo credit: Christian Thierfelder, CIMMYT Fig. 5 A hand-pulled six-nozzle sprayer for herbicide application. This equipment is relatively inexpensive and allows for faster application. Photo credit: Christian Thierfelder, CIMMYT farm labor (predominantly that of women and children), purchasing herbicides and spraying equipment comes with additional costs, making the technology less feasible especially if farmers are cash constrained. Nevertheless, herbicides can effectively suppress weeds, especially those that cannot be controlled with manual or mechanical approaches (e.g., couch grass). However, farmers need to be trained in their safe use to prevent improper application that may damage crops (Mtambanengwe et al. 2015) , reduce herbicide-resistance, and avoid negative environmental consequences. Herbicide seed coatings can provide additional control against parasitic weed species such as Striga spp., although they are ineffective against non-parasitic weeds.
Cultural control
Cultural weed control uses cropping systems to reduce weed pressure. In many instances, cultural control methods are cheaper than chemical control methods and provide additional benefits to the soil, such as the addition of organic matter and biologically fixed nitrogen (Norsworthy et al. 2012) . The following chapter examines the benefits and drawbacks of four cultural control methods: enhanced crop competition through the use of planting and fertilization calendars, the retention of crop residues to suppress emerging weeds, intercropping systems to improve crop competition, crop rotations, and harvest weed seed control to reduce species-specific weed pressures.
Enhanced crop competition using planting and fertilization calendars
Crop competition is an inexpensive weed control strategy suited to smallholder farmers who are either unable to access herbicides or produce sufficient biomass for crop residue retention as a weed suppression tool (Mhlanga et al. 2016a, b) . Crop competition can be enhanced through increased population where possible and the development of planting and fertilization calendars to assist smallholder farmers in implementing management practices at times that optimize competition between crop and weed species (Kumar et al. 2013) . Increasing planting density in maize can also increase RWMX Roundup Weathermax, RTB roundup turbo, N/A not applicable, WS 1 weed suppression event 1 observed 1 month after glyphosate herbicide application, WS 2 weed suppression event 2 observed 2.5 months after glyphosate herbicide application, WS 3 weed suppression event 3 observed 3.5 months after glyphosate herbicide application, CV coefficient of variation, LSD least significant difference Fig. 7 An example of weed wiping technology in a maize field in Zimbabwe. This handheld weed wiper may be an appropriate tool for smallholder farmers to for more precise pesticide application. However, the challenges with its application in the field make it a less attractive option for smallholders. Photo credit: Christian Thierfelder, CIMMYT crop competitiveness with weed species (Mashingaidze et al. 2009a, b; Mhlanga et al. 2016a, b) , although water resources are critical in higher density stands, limiting their use in semiarid areas of southern Africa (see Fig. 8 ).
Timely planting is an essential element of weed management in CA systems (Gatere et al. 2013) . Chauhan et al. (2012) found that earlier planting may allow crop seeds to outgrow weed species that would otherwise be in direct competition for water and nutrients. A study of no-tillage rice-wheat systems in India found a 68-80% reduction in littleseed canarygrass (Phalaris minor Retz.) population when wheat was sown early (Kumar et al. 2013) . Another study conducted in the semi-arid northern Great Plains of the USA determined that sowing barley seeds 4-6 weeks earlier than normal planting dates resulted in lower weed seed production and biomass (Lenssen 2008) . Changes in planting times may, however, be less attractive to farmers if dates are largely determined by rainfall patterns, cropping season duration and labor availability (Norsworthy et al. 2012) , as is often the case in semi-arid southern Africa. Changes in the timing of other management practices, such as fertilization, may provide a more feasible alternative.
Studies on the effects of fertilization on crop competition are contradictory; results depend largely on both the crop and predominant weed species (Walker and Buchanan 1982) . Careful timing of fertilization to optimize plant growth and limit nutrient exploitation by weed species can provide crops with a competitive advantage over weeds (Norsworthy et al. 2012) . Earlier planting in conjunction with N-fertilizer application at the stem elongation phase of winter wheat was found to reduce Veronica hederifolia L. biomass and while bolstering crop biomass production compared to N-fertilizer application at the tillering stage (Liebman and Davis 2000) . Conversely, a study on weed competition with maize hybrids found that lower N-fertilization resulted in higher maize yields and reduced weed interference (Tollenaar et al. 1994) . Not only the type of fertilizer applied, but also the method in which it is applied, can play a significant role in weed suppression. Di Tomaso (1995) cited several studies which found that broadcast application of fertilizers did little to suppress weed growth, while surface banding and deep banding in particular of fertilizer allowed crops to out-compete weeds. Therefore, more detailed studies and observations of weed population trends related to changes in planting and fertilization dates are necessary prior to making recommendations to farmers.
Crop residue retention
Several studies have examined the effectiveness of crop residue retention as a method of weed suppression (Chauhan et al. 2012; Liebl et al. 1992 ; N. Mashingaidze et al. 2009a, b) . Chauhan et al. (2012) highlight the varied success of crop residues as weed suppressants: while some weed populations respond immediately to increasing quantities of mulch, other weeds seemingly benefit from the increased soil moisture resulting from small quantities of mulch and are only effectively managed when large quantities of residue are left on the field to smother the weeds. A study by Teasdale et al. (1991) In all treatments, Striga counts were reduced compared to the control (although not significantly for all treatments by 103 days after planting). Source: Kabambe et al. (2008) , p. 3296 LSD least significant difference, CV coefficient of variation in lower weed density, as determined in a study from Maryland, USA. Recommended mulch application rates vary widely, ranging from 3 to 20 t ha −1 (Christoffoleti et al. 2007; Mashingaidze et al. 2012; Wall et al. 2014 ) depending on agroecology and soil type. Crop residues as weed control may therefore be particularly problematic for smallholder farmers in semi-arid areas as they often lack sufficient quantities of biomass to create a residue layer that effectively suppresses weed growth (Vanlauwe et al. 2014) . This issue could be resolved by selecting species specifically for their biomass production potential. For example, Chauhan et al. (2012) suggest the use of cereal crop residue as it produces greater amounts of biomass compared to oilseed crops. Cereal crop residues can thus have greater weed suppression effects than oilseed crops or leguminous crops with creeping growth habits (see Fig. 9 ). Although crop residue retention is an important element of CA and imparts many weed-suppressing benefits, the residues may interfere with herbicidal action, thereby rendering herbicides less effective (Bajwa 2014) . As previously mentioned, crop residues also make the use of soil rippers and other cultivators more tedious and ineffective (Erenstein 2003) . The efficacy of crop residue retention as a weed suppression tool may be further limited by the morphology of the residue: maize stalks were found to be less effective in controlling weed populations than maize leaves as they hindered farmers' abilities to hand-hoe weed throughout the remainder of the season (Vogel 1994) . Others recommend the use of live or dead mulch from green manure cover crops to suppress weeds (Mhlanga et al. 2015a, b) . Sunnhemp (Crotalaria juncea L.), for example, was shown to have promising weed suppression potential under CA in Zambia. The canopy of sunnhemp closes so rapidly that weeds are not able to grow due to competition for light.
Crop residue retention as a weed control mechanism can be further enhanced by specifically selecting crop species for their competitiveness with other weed species. Research by Weed biomass (g m -2 ) Weed biomass (g m -2
) Fig. 8 Effect of three different cultivars, maize plant densities, and two planting arrangements (in rows, indicated by rhombus = conventional row planting and in a grid, indicated by circle = grid pattern planting) on total weed biomass yield (collected at 1 month after sowing the maize and at maize harvest) over two seasons. In all cases, weed density decreased with maize between 5 and 7 maize plants m
, while two cultivars (Novillero and Amarillo ICAV-305) continued to suppress weed biomass production at 10.5 plants m Flower et al. (2012) showed that the use of black oat (Avena strigosa Schreb.) as a cover crop in a drought-prone area of Australia was effective in suppressing weed growth in addition to being quick-growing and producing large quantities of biomass. Selecting drought-resistant, high biomass-producing cover crops (such as lablab (Lablab purpureus L.), velvet bean (Mucuna pruriens L.), and sunnhemp and utilizing them as mulch could be a beneficial tool for weed suppression under CA. Farmers could take advantage of crops with allelopathic properties, such as black sunnhemp (C. juncea L.), which have been found to successfully suppress weeds over several seasons in CA systems in Zimbabwe (Mhlanga et al. 2015a) . Sorghum (Sorghum bicolor L.) has been used as a cover crop in CA systems in Brazil (Christoffoleti et al. 2007) , largely due to its ability to suppress weed populations through the release of the allelochemical sorgoleone (Dayan et al. 2010) . Another study in Brazil found that using sorghum, velvet bean, Crotalaria spectabilis Roth, Crotalaria ochroleuca G. Don., and Mucuna aterrima Piper & Tracy as green manure decreased both the dry matter weight and the number of the weed species Hyptis lophanta Ben. and Amaranthus spinosus L. (Erasmo et al. 2004) , the latter being a very common weed in southern Africa.
Intercropping
Several studies mention intercropping as an effective weed suppression tool (Zimdahl 1993; Carruthers et al. 1998 ). The addition of another crop species between rows can lead to smothering of and greater competition with weed species, minimizing their impact on the main crop being cultivated (Carlson 2008) , although crop-crop competition is also possible (Mafongoya et al. 2006; Thierfelder et al. 2012a) . Increasing the diversity of crops being grown in a single area can help reduce pressure from weeds that are host-specific (Carlson 2008) . In addition, intercropping systems can supply extra food (and protein) for human consumption or forage for animals. Intercropping with leguminous plants in particular provides the added benefit of increased soil fertility through nitrogen fixation (Mafongoya et al. 2006) .
Low rainfall can be a significant impediment to successful intercropping in semi-arid regions of southern Africa (ZegadaLizarazu et al. 2006) . Species with low rainfall requirements and limited competitiveness with main crops should thus be selected for intercropping systems. Drought-tolerant legumes such as cowpea (Vigna unguiculata Walp), lablab, pigeonpea (Cajanus cajan [L.] Millsp.), and velvet bean have been shown to successfully suppress weed populations (Graham and Vance 2003; Mhlanga et al. 2016a, b) and would be suitable for smallholder rainfed farming systems.
Cowpea-maize intercropping systems reduced the necessary number of weedings to maintain yields as compared to solecropping systems in semi-arid Zambia (Simunji et al. 2011) . Intercropping maize with lablab in a semi-arid area of Kenya reduced the weed density of Portulaca quadrifida L. and Paraknoxia parviflora L. but increased E. indica L. density (Mwangi et al. 2015) . Although overall weed density was not affected, the study found that the density of broadleaf weed species was negatively affected by lablab intercropping, while annual species were positively affected (Ibid). Field trials in Pakistan indicated that intercropping of sorghum and sesame significantly reduced population and biomass of purple nutsedge (C. rotundus L.) in cotton production systems (Iqbal et al. 2007 ). Similarly, a study by Mkamilo (2004) in a semi-arid area of Tanzania found that maize-sesame intercrop systems successfully suppressed weed populations. The same study found that while the sesame competed with the maize, the reduced impact of weed pressure resulted in similar yields as maize monocrop systems. Intercropping systems with leguminous species are particularly beneficial for farmers struggling with S. asiatica (L.) Kuntze or S. hermonthica (Del.) Benth. (generally referred to as Striga) infestations: one 7-year study in Kenya determined that several edible legume species, including crotalaria and groundnut (Arachis hypogaea L.), reduced Striga hermonthica emergence by up to 35% (Midega et al. 2014) . A more recent study by Midega et al. (2017) indicated that drought-tolerant Desmodium [Desmodium uncinatum (Jacq.) DC. and Desmodium intortum (Mill.) Urb.] species significantly reduced Striga incidence in sorghum-Desmodium intercropping systems. Desmodium provides the additional benefit of forage for animals, which could be an important incentive in smallholder mixed farming systems.
The success of intercropping as a weed management practice has been mixed and is largely contingent upon crop species used and prevalent weed species (Carruthers et al. 1998 ; Fig. 9 Relationship between cover crop biomass and weed aboveground biomass for three crop species: oat, canola, and hairy vetch. Oats tended to suppress weed growth more effectively than canola or hairy vetch. Effectiveness of cover crops in suppressing weeds was largely dependent upon the cover crop's aboveground biomass. Source: Radicetti et al. (2013) , p. 112 Iqbal et al. 2007 ). An understanding of weed species composition and intercrop competition at farm and local levels is therefore essential prior to recommending certain intercropping systems. Use of intercropping for weed suppression in drought prone areas may be better-suited in the years following CA adoption, as higher soil moisture content would likely favor multi-crop systems.
Crop rotations
Weed competition with crops can be limited by maintaining live soil cover through crop rotations, thereby making weed establishment more difficult (Blackshaw et al. 2008; Shrestha et al. 2002) . Cover crop rotations with leguminous species provide the additional benefit of dietary diversity (for both animals and humans) as well as biological nitrogen fixation (Govaerts et al. 2009; Lahmar and Triomphe 2007) . While the success of crop rotation as a weed management tool varies throughout the literature, it appears to be quite effective in semi-arid regions. However, weed suppression and other soil benefits may not be apparent during the first years following transition to rotational systems (Sakala et al. 2000; Thierfelder et al. 2012a, b) . A study by Mhlanga et al. (2016a) in Zimbabwe showed that maize-cover crop systems using leguminous species decreased weed densities. However, the success of these crop rotation systems is largely contingent on the type of cover crop used. The same study found higher weed densities under cover crops with sparse growth habits (e.g., pigeonpea) compared to species such as velvet bean, which are more competitive with weed species due to greater overall ground cover (Ibid.). While other crop rotation systems using alfalfa (Medicago sativa L.) and red clover (Trifolium pretense L.) are also attributed to weed density reductions in semi-arid regions (Blackshaw et al. 2008) , their high water demands in the offseason make them an unrealistic option for smallholder farmers in southern Africa lacking access to irrigation systems.
Some farmers are reluctant to adopt crop rotation systems due to a reduction in area allocated to maize production, the staple crop in southern Africa (Dowswell et al. 1996) . The short cropping season in semi-arid regions of southern Africa (usually November to April) additionally hinders adoption of some crop rotation systems (Mupangwa et al. 2016) ; they must instead rotate on a yearly basis. However, the benefits of crop rotation as a weed management and soil amelioration tool can outweigh perceived risks from switching to a rotational system, once farmers observe the improvements to their soils (Thierfelder and Wall 2010b) . The same constraints limiting intercropping are relevant in crop rotations: predominant weed species would have to be studied and crop rotation species would need to be selected based on their droughttolerance and weed-suppressing abilities. In addition, introduction of crop rotation systems is often limited by a lack of economic incentives, particularly if the crop does not provide an immediate use as food or animal fodder (Thierfelder et al. 2012a, b) .
Intercropping, crop rotations, and crop residue retention are three commonly used cultural weed control methods and several studies have been conducted in Zimbabwe regarding the impacts of these cultural practices on weed populations (see Table 6 ). The lack of studies in other areas in southern Africa further highlights the importance of research in this area to help farmers better implement these strategies in the local context. Nevertheless, the positive results with these cultural control methods in Zimbabwe and Malawi are encouraging in their potential application throughout other areas of southern Africa.
Harvest weed seed control
Due to increased resistance to commonly used herbicides, researchers in Australia have been using several innovative non-chemical methods: one of the most successful of these methods is harvest weed seed control (HWSC), whereby weed seeds are destroyed during harvest, thus reducing the weed seed bank (Stokstad 2013) . In Australian wheat cropping systems, a large portion of major weed species reach maturity at the same time as the wheat. By managing weed seeds during harvest time, farmers eliminate large portions of the weed seed bank while harvesting their crop (Norsworthy et al. 2016) . By attaching chaff carts to harvesters to collect weed seeds for later destruction, burning windrows containing weed seeds and/or grinding weed seeds after harvest and then reapplying them to the fields, farmers can amplify the benefits of herbicide application and other weed control methods (Walsh et al. 2013) .
To the authors' knowledge, no studies have yet been conducted on the potential of HWSC in southern Africa, particularly in the context of smallholder farmers. HWSC requires specially equipped machinery which may not be practical for small plots of land. Currently, HWSC technologies are far too expensive ($70,000 AUD to $250,000) to be in reach of smallholder farmers in southern Africa (Stokstad 2013) , but research on small-scale weed seed harvesting methods could lead to an additional weed management for farmers. As with small, animal-drawn cultivators, production of small-scale weed seed harvesting equipment could be promoted within southern Africa to increase accessibility to farmers. A practice often promoted by NGOs in the region is to encourage farmers to conduct late season weed control and avoid weeds from setting seed. This can be done by hand pulling or shallow hoe weeding (e.g., scraping). However, this practice requires significant education of smallholder farmers as they often abandon field work after the crop has matured and late season weeding would be extra and unwanted labor. Mashingaidze et al. (2012) In summary, cultural weed management is one of the most cost-effective strategies used by smallholder farmers and provides an alternative to chemical control. Crop competition against weeds can be increased through the use of planting and fertilization calendars, which provide farmers with guidelines for optimal dates for enhancing competition. Crop residue retention through live or dead mulch and green manure cover crops can improve soil moisture and organic matter content in addition to smothering weeds. Intercropping and crop rotations diversify production to break weed cycles, although markets must be created for farmers to sell rotational crop species to compensate for reduced maize production. As was seen in Table 6 , cultural control methods have the potential for farmers to relieve weed pressure while increasing crop diversity.
Summary of weed control strategies
Numerous studies have been conducted regarding the effectiveness of multiple weed management strategies under CA. Unfortunately, many of these studies have inconclusive or conflicting results, indicating that the success of weedsuppression strategies is largely contingent upon site, weed species, and farm management. It is therefore imperative that researchers and extension workers thoroughly examine a series of options that can be combined and tailored to smallholder farmers in semi-arid southern Africa based on farmer resources, farm size, crop and weed species, and farmer preferences. A combination of strategies that take local conditions and resources into account is therefore considered necessary. The changes in soil parameters as a result of CA implementation are also important. Because soil moisture and weed composition are likely to change over the years following CA adoption, the success of certain strategies may also change over time. Weed control strategies employed by smallholder farmers can be manual, mechanical, chemical, cultural, or a combination of practices, each with benefits and challenges (see Table 7 ). These different weed management strategies can then be applied spatially and temporally to adapt to these farm-level changes.
Initially, CA implementation in smallholder farms in southern Africa is more challenging without the use of herbicides, especially if aggressive grass or broadleaf weed species are present. However, herbicide application alone is not the answer to sustainable weed management for resource-poor smallholder farmers. Herbicide use could be an initial intervention for the first years of conversion until complicated weed species are under control, thereafter chemical control could be phased out. Herbicide use could also be reinforced by management practices that are pillars of CA, such as permanent soil cover. This will help to suppress weeds while reaping the benefits of increased soil fertility. This Moyer et al. 1994 ) Can reduce weed pressure over time ) Reduces labor requirements Potential for environmental and human risks (Arias-Estévez et al. 2008 ) Proper training needed for use (Thierfelder and Wall 2015) Potential for herbicide-resistant weeds (Norsworthy et al. 2012 ) Limited input availability in some areas (Giller et al. 2009 ) May require several applications throughout the growing season Seed coating
Reduces amount of herbicide needed (Kabambe et al. 2008 ) Highly effective (Kanampiu et al. 2003) No residual effects on non-herbicide-resistant seeds (Kabambe et al. 2008) Only viable for parasitic weed species Limited availability to farmers (Kanampiu et al. 2003) Manual weeding Low financial cost Limited knowledge and skill required Can reduce weed pressure over time if weeds are removed before going to seed and properly disposed of (Vogel 1994; Mashingaidze et al. 2012) High labor demands; frequent weeding necessary to be effective (Mashingaidze et al. 2012; Nyamangara et al. 2013 ) Women often take on additional labor demands (Giller et al. 2009 ) Less effective than herbicide application (Gianessi et al. 2009 ) Animal traction mechanical control
Lower labor demands than manual weeding (Twomlow and O'Neill 2003) Inexpensive (Ekboir 2003) Can be purchased collectively (Najafi and Torabi Dastgerduei 2015) May encourage local manufacturing sector (Sims et al. 2012a, b) Reduced efficacy with large quantities of plant residues Soil solarization Highly effective against weed seeds (Norsworthy et al. 2012 ) Added benefits of fungal disease and nematode control (Stapleton and DeVay 1986) High cost Environmental considerations, if not properly disposed of No tradition of use in southern Africa Only effective against weed seeds in the top soil layers (Johnson et al. 2007 ) Weed flaming
Highly effective (up to 88% mortality) against weed populations (Stepanovic et al. 2015 ) Limited residual damage to crops (Stepanovic et al. 2015) Requires specialized knowledge of timing and equipment handling Flame risk Fuel requirements may be too high for smallholder farmers Not suitable for all crop species (Bond 2002) Weed steaming Highly effective weed control (Samtani et al. 2011) Very high fuel and water requirements (Melander and Kristensen 2011) Crop competition Leads to more efficient nitrogen use in addition to weed control Reduces reliance on herbicides (Mhlanga et al. 2016a, b) Appropriate for farmers with insufficient biomass production for residue retention (Mhlanga et al. 2016a, b) Requires specialized knowledge of timing and weed species growth patterns (Gatere et al. 2013; Walker and Buchanan 1982 ) Success may be limited by unpredictable rainfall patterns and/or low labor availability (Norsworthy et al. 2012) Planting and fertilization calendars
Relatively inexpensive (Mhlanga et al. 2016a, b) Requires specialized knowledge Very time-sensitive Intercropping Can provide additional food or fodder Helps maintain soil cover Can increase competitiveness with weed species and reduce host-specific weed pressure (Carlson 2008 ) Can improve soil fertility through N-fixation (Mafongoya et al. 2006) Potential for crop-crop competition for resources (particularly water) (Mafongoya et al. 2006; Thierfelder et al. 2012a, b) Crop rotations Maintains permanent soil cover May decrease weed densities (Mhlanga et al. 2016a, b) Reduces area planted with staple crops Limited market availability of certain ) species (Thierfelder et al. 2012a , b) Not all crop species effectively suppress weeds (Mhlanga et al. 2016a , b) Harvest weed seed control
Can lead to a decreased weed seed bank over time (Norsworthy et al. 2016) Currently not adapted to smallholder farming systems due to price and technology required (Stokstad 2013) combination of conventional weed control methods with conservation-oriented practices could therefore prove to be a successful compromise for smallholder farmers. However, herbicides are not a mandatory pre-requisite for CA implementation and many examples from Malawi and Zimbabwe have shown that its implementation is possible without any herbicide use. Case studies from Malawi and Zimbabwe also highlight the importance of determining weed management goals. By striving to minimize the yield and economic impacts of weed pressure rather than eliminating all weed species entirely, farmers may be able to manage weeds despite resource constraints. While weed population density may remain above levels found in conventional tillage systems during the first years, limiting weed impacts on crop yield should be a greater priority than complete weed control. One knowledge gap missing is seed bank dynamics, including dormancy and germination, of important weed species in semi-arid southern Africa. Gaining a deeper understanding of weed biology and ecology is crucial to developing targeted, effective control mechanisms for weed suppression.
Conclusion
Weed control is one of the greatest impediments for successful crop production and specifically for the application of CA systems in southern Africa. Without effective weed management and control strategies, successful adoption of CA in smallholder farming systems in semi-arid southern Africa is rather unlikely. While weeds are controlled in large-scale commercial agriculture systems in the Americas and Australia through regular and abundant herbicide use, this strategy is often not feasible for smallholder farmers due to limited financial resources, knowledge of, and access to herbicides. Weed control, although a major challenge in the initial years of conversion to CA, can be managed by a suite of options in reach of smallholder farmers. The level and extent of their application and the specific combination of weed control option used depend on the agroecology and the socioeconomic circumstances of the farmers to whom the different options have to be adapted.
Once weed-related challenges in the first years of conversion to CA are under control, weed pressure usually declines, thereby making its continuation easier for smallholder farmers. Nevertheless, successful weed control is not possible without farmers maintaining CA principles and practices in the long term. Adopting CA requires farmers to change the way they treat their land and habits that have been passed on for generations; otherwise, the benefits cannot be realized. Farmers therefore need to be supported to adopt proper weed management strategies, such as preventing weeds from setting seeds, ensuring that crop residue cover is retained, and systematically using rotations or intercropping with competitive crop species. Finding locally adapted weed management practices and supporting their adoption will allow farmers to reap the potential benefits of CA, which may improve their resiliency to different stresses in the long term.
